The T cell oncogenes LMO1 and LMO2 are activated by distinct chromosomal translocations in childhood T cell acute leukaemias. Transgenic mouse models of this disease demonstrate that enforced expression of Lmo1 and Lmo2 cause T cell leukaemias with long latency and that Lmo2 expression leads to an inhibition of the T cell dierentiation programme, prior to overt disease. These functions appear to be partly mediated by interaction of LMO1 or LMO2 with the LIM-binding protein LDB1/ NLI1. We have now identi®ed a new member of the Lmo family, designated Lmo4, via its interaction with Ldb1. Lmo4 is widely expressed in mouse tissues, including adult thymus (mainly CD4, CD8-double positive T cells) and embryonic thymus (mainly CD4, CD8-double negative T cells). These characteristics imply that Ldb1-Lmo4 interaction may function in the T cell developmental programme and that enforced expression of LMO1 or LMO2 by chromosomal translocations or transgenesis may displace Lmo4 from this complex and thereby in¯uence T cell dierentiation prior to T cell tumour occurrence.
Proteins that carry zinc-binding LIM domains are important in development, in transcription and in diseases (Dawid et al., 1998) , including cancer development (Sanchez-Garcia and Rabbitts, 1993) . The LMO family of genes, which encode LIM-only proteins, was ®rst discovered by association of LMO1 (previously called RBTN1 or TTG1) with the speci®c chromosomal translocation t(11;14)(p15;q11) in human T cell acute leukaemias, T-ALL (reviewed in Rabbitts, 1998; Rabbitts et al., 1998) . The LMO1 cDNA was used as a probe for two related family members, designated LMO2 and LMO3 (Boehm et al., 1991a; Foroni et al., 1992) , and it was found that LMO2 was also associated with chromosomal translocations in human T cell acute leukaemias, viz. (t(11;14)(p13;q11) and t(7;11)(q35;p13) (Boehm et al., 1991a; RoyerPokora et al., 1991) . The unique feature of this family of genes is that they encode small proteins comprising two LIM domains only, in which signi®cant sequence similarity is found between the family members.
Molecular studies of the LMO proteins has shown that the LIM domain is a protein interaction domain (Boehm et al., 1990; Schmeichel and Beckerle, 1994; Wadman et al., 1994) . The LIM domain can bind to a diverse spectrum of protein motifs, including homodimerization (Sanchez-Garcia et al., 1995) , heterodimerization with the basic-helix ± loop ± helix (bHLH) protein TAL1/SCL (Valge-Archer et al., 1994; Wadman et al., 1994) , with the GATA-1 DNA-binding protein Wadman et al., 1997) or with the LIM-binding protein LDB1/NLI1 (Agulnick et al., 1996; Bach et al., 1997; Jurata et al., 1996; Wadman et al., 1997) . These interactions imply a role for the LMO proteins in control of gene expression by modulation of formation of multimeric protein transcription complexes (Wadman et al., 1997) . The role of Lmo2 in dierentiation further emphasises the proposed function in the control of gene expression. Null mutations of the Lmo2 gene in mice result in a failure of yolk sac erythropoiesis and in adult de®nitive haematopoiesis . A role in these cell types seems to be carried out by the formation of a multimeric DNA-binding complex including Lmo2, Tal1, E47, GATA-1 and Ldb1 (Wadman et al., 1997) which can bind to a bipartite DNA site, comprising a E-box (a site for E47-Tal1 heterodimer) and a GATA motif (a site GATA-1).
The three members of the LMO family are related in sequence and two (LMO1 and LMO2) are involved in T cell tumorigenesis after chromosomal translocations. Attempts to emulate the consequences of these chromosomal translocations have been made using transgenic mice with enforced expression of Lmo1 (Aplan et al., 1997; Fisch et al., 1992; McGuire et al., 1992) or Lmo2 in thymic T cells (Fisch et al., 1992; Larson et al., 1994 Larson et al., , 1995 Larson et al., , 1996 Neale et al., 1995) . In these model systems, clonal T cell tumours arise with a long latency suggesting that the transgene is necessary but not sucient for overt tumour development. In particular with Lmo2 transgenic mice, the eect of the transgene expression is an inhibition of the T cell developmental programme leading to an accumulation of immature CD4, CD8-negative T cells (Larson et al., 1995 (Larson et al., , 1996 Neale et al., 1995) . The role in controlling T cell development may be mediated through multimeric complexes analogous to those found in normal haematopoietic cells, since a DNA-binding complex comprising Lmo2, Tal1, E47 and Ldb1 was found in T cell lines made from transgenic mouse tumours (Grutz et al., 1998) . Thus, as in the haematopoietic setting, control of target gene expression may be mediated by Lmo2 protein facilitating formation, through its LIM domains, of distinct multimeric protein complexes. In the tumour setting, these complexes would presumably be present after enforced LMO2 expression either by a chromosomal translocation or by transgenesis, thereby aecting T cell dierentiation. A similar molecular mechanism is possible for the action of LMO1 in T cell tumorigenesis since LMO1 protein interacts with both TAL1 (Valge-Archer et al., 1994) and with LDB1 (Valge-Archer et al., 1998) in T cell tumours with the chromosomal translocation t(11;14)(p15;q11). Alternatively, the elevation of LMO1 or LMO2 by enforced expression may result in aberrant complex formation which serves to sequester one (or more) component into the complex preventing its normal function (Rabbitts, 1998) . To facilitate the test of either model, it is necessary to identify and characterize the components of the multimeric complexes. In LMO protein mediated tumorigenesis, a common component is the LDB1 protein. Therefore, we have assessed protein partners of the Ldb1 molecule in T-cells and have discovered a new LIM-only protein, designated Lmo4, as a binding partner of Ldb1. Lmo4 is widely expressed and is a candidate molecule which may be involved in DNA-binding complexes or which might be displaced from Ldb1 interaction by enforced expression of Lmo1 or Lmo2 proteins in T cells.
An Ldb1 coding sequence was cloned in a yeast twohybrid (Fields and Song, 1989 ) bait vector and a cDNA library made from 2114 RNA was screened for interacting partners (the 2114 cell line was established from a T cell tumour which arose in a CD2-Lmo2 transgenic mouse (Grutz et al., 1998) and is a CD4, CD8 double negative immature T cell). Several dierent clones were isolated in this screening. One clone was sequenced (p209) and found to encode a small protein of 165 amino-acids ( Figure 1a) . Examination of the protein sequence revealed that this cDNA clone corresponded to a mRNA encoding a new member of the LIM-only LMO family of proteins. A similar cDNA has recently been described (Kenny et al., 1998) and the sequence of the human counterpart (which is identical in translated product with the mouse sequence reported here) was previously deposited in the Genbank database by J Racevskis, A Dill and H Ruan (Accession number: U24576). In keeping with other members of the LMO family, this new member is designated Lmo4.
Lmo4 has two LIM domains together with short amino-terminal (22 residues) and carboxyl-terminal stretches (25 residues). An alignment of the Lmo4 protein with Lmo1, 2 and 3 illustrates a high degree of homology within the LIM domains (Figure 1b ) and the same spacing between the ®rst and second LIM domains. Signi®cant identities in amino-acid sequence are also found in the short linker between the LIM domains of all four proteins. In addition to the invariant cysteine/histidine/aspartate residues which bind zinc of the LIM domains, most of the hydrophobic and charged residues, which were previously noted as conserved features of LIM domains (Dawid et al., 1995; Sanchez-Garcia and Rabbitts, 1994) , are also conserved (Figure 1b) . In the Drosophila genome there is a single homologue of the LMO genes (Boehm et al., 1990; Zhu et al., 1995) and the sequence corresponding to this Dlmo gene has (Fields and Song, 1989) . Sequencing of the cDNA revealed an open reading which translated into a LIMonly protein, designated Lmo4. A similar cDNA has recently been described (Kenny et al., 1998) and the sequence of the human counterpart (which is identical in translated product with the mouse sequence) was previously deposited in the Genbank database by J Racevskis, A Dill and H Ruan (Accession number: U24576). The sequence shown extends from codon 1. The residues likely to be involved in zinc co-ordination are shown in bold type and underlined. The EcoRI site de®ning the 3' end of the Lmo4 cDNA probe is underlined. (b) The four known members of the LMO family of proteins are aligned with respect to Lmo4. Sequence identity to Lmo4 is indicated by a point (.). The sequences are broken into the four regions of the proteins. Homology in the LIM domains is high between the four proteins but minimal in the NH2-and C-terminal stretches; this is also true between the otherwise highly similar Lmo1 and LMO3. The residues likely to be involved in zinc co-ordination are underlined. Methods: Yeast two-hybrid screen (Fields and Song, 1989) was carried out essentially as described by the Stratagene Instruction Manual. An oligo-dT primed custom made cDNA library (Stratagene) was prepared in the vector pAD-GAL4 (as a fusion with the GAL4 activation domain) using poly(A) + -selected RNA from the T cell line 2114, derived from a CD2-Lmo2 transgenic mouse tumour (Grutz et al., 1998) . The vector gives undirectional insertion of cDNA clones and the initial size was 2610 7 clones. The bait for protein interactions was Ldb1 cloned in pBD-GAL4, linking Ldb1 sequences to GAL4 DNA-binding domain. The Ldb1 bait cDNA was a full length Ldb1 coding region which therefore includes the LIM-binding domain as well as all other regions of the protein. This clone was pre-tested by transfecting it alone into YRG-2 yeast to assay for auto-activation properties, of which none were found. Approximately 10 6 individual clones were screened by co-transfection of the 2114-cDNA library and one, full length Lmo4 cDNA clone (p209) was obtained which could be isolated and re-introduced into yeast with the Ldb1 bait resulting in activation. p209 does not activate in the absence of Ldb1 interaction bait. The Lmo4 clone was sequenced on both strands using an ABI Prism 377 Sequencer and sequence data analysed by automated sequence handling programmes (Bon®eld et al., 1995) a similar retention of these important residues and also of the spacing between LIM domains. It would appear therefore that the functioning of LMO proteins in protein-protein interaction requires both amino-acid conservation for precise protein contacts and spatial organization to facilitate docking and interaction of protein interfaces of various protein partners.
The Lmo1, Lmo2 and Lmo3 genes have a rather restricted pattern of expression in embryonic and adult tissues (Boehm et al., 1991b; Foroni et al., 1992; McGuire et al., 1991) and precise roles in embryogenesis. This is particularly pertinent to Lmo2 in which homozygous null mutations cause embryonic lethality due to a failure of yolk sac erythropoiesis and in addition, there is a complete lack of haematopoiesis in adult mice in the absence of Lmo2 Yamada et al., 1998) . Lmo1 and Lmo3 have a similar restricted pattern of expression, being almost only found in developing nervous system tissue and in adult brain (Boehm et al., 1991b; Foroni et al., 1992; McGuire et al., 1991) . The pattern of expression of Lmo4 was therefore of interest because its binding to Ldb1 suggested a possible role in T cell complexes. Accordingly, RNA prepared from a variety of mouse tissues and cell lines and some human T cell lines, was examined by Northern ®lter hybridization for Lmo4 mRNA ( Figure 2 and Table 1 ). The most signi®cant feature of Lmo4 expression is that it is very widespread and appears in all locations tested. These data are similar to those recently published (Kenny et al., 1998) . A 2.3 Kb Lmo4 mRNA is expressed in the 2114 cells, from which the yeast two-hybrid cDNA library was prepared, in adult thymus as well as in the pro-B-cell line Baf3 (Figure 2 ). We ®nd expression in RNA from all tissues examined, including nervous system, adult somatic tissues such as lung and liver and lymphoid tissues. Expression in nervous tissue is detectable from embryonic stage E12.5 through gestation into adult brain, where we observe Lmo4 expression in whole brain and in speci®c zones e.g. cerebellum (Table 1) . These observations with Lmo4 expression in mouse tissues are markedly dierent from the more restricted patterns observed with the other Lmo family members, Lmo1, 2 and 3. Figure 2 Northern ®lter hybridization of mouse tissue RNA with an Lmo4 probe. RNA was extracted from a variety of mouse tissues and was analysed by ®lter hybridization with Lmo4 cDNA. Tissue RNAs were made from mice at various ages and comparable hybridizations levels were evident. Methods: Total RNA was prepared from mouse tissues using the TRIzol extraction procedure (Gibco-BRL) and poly(A) + RNA (2214) was prepared by oligo-dT cellulose chromatography. 10 mg samples of total RNA or 0.1 mg of poly(A) + RNA were denatured by glyoxal treatment (Thomas, 1980) and analysed on 1.4% agarose gels followed by capillary transfer to nylon membranes. The membranes were hybridized with randomly labelled DNA (Feinberg and Vogelstein, 1983) as described at 658C in 36SSC, 0.1% SDS (LeFranc et al., 1986) . The Lmo4 probe employed was a cDNA clone extending from 240 bp upstream of the initiation codon to an EcoRI site at codon 151. Autoradiography of the washed ®lter was for 16 h at 7708C with an intensifying screen Erythroid HEL
The sites of Lmo4 expression were determined by Northern ®lter hybridization using 10 mg of total RNA (except in the case of the CD2-Lmo2 transgenic T cell tumour line 2114, where 0.1 mg of poly(A) + mRNA was used). Expression was observed in all tissues or cell lines analysed, including human T cell acute leukaemia cell lines with chromosomal translocation aecting of LMO1 (RPMI8402) and LMO2 (KOP-T1) genes as well as one with a chromosomal translocation aecting the HOX11 gene (ALL-SIL)
Lmo4 is widely expressed in lymphoid cells. All the T and B cell lines tested (both mouse and human) showed Lmo4 RNA (Table 1 ). In addition, whole spleen from adult mice and thymus express the mRNA. It is signi®cant that Lmo4 levels do not vary to any extent between embryonic thymus (E16.5), new born mouse thymus through to adult thymus. Thus it seems that CD4, CD8-negative immature thymocytes (present in embryonic thymus) express Lmo4 as well as CD4, CD8-positive thymocytes. This is consistent with previous RT ± PCR results (Kenny et al., 1998) .
The discovery of the Lmo4 gene extends the LIMonly LMO family yet further. This family has thus far two members (LMO1 and LMO2) known to be involved in chromosomal translocations in human tumours, both in T cell acute leukaemia. Despite sequence conservation, a profound dierence exists in the extent of the expression between Lmo4 and the other Lmo family members, suggesting dierent functions in diverse cellular settings within the developing organism and/or within the adult animal. The putative functions of Lmo4, like those of Lmo1, 2 and 3 (reviewed in Rabbitts, 1998; Rabbitts et al., 1998) , will presumably be primarily mediated by protein interaction through the LIM domains. However, it is interesting that, whilst the LIM domains of the LIM-only proteins are very similar, no similarity can be seen in the relatively small stretches of protein outside the LIM domains. Even comparing LMO1 and LMO3, which have almost identical LIM domains, these N-and C-terminal stretches show little conservation. Thus these non-LIM domain segments may function as independent modules in dierent ways. The NH2-terminal parts of LMO1 and LMO2 have been shown to mediate transcriptional transactivation in reporter gene systems (Sanchez-Garcia et al., 1995) but the functions of these domains in the other LMO proteins have not yet been assessed.
The expression of Lmo4 in developing and mature T cells is of potential interest to the mode of action of LMO1 and LMO2 in T cell tumorigenesis. Interaction of Lmo4 and Ldb1 may play a role in the normal T cell dierentiation programme and imbalances in this interaction may in¯uence this programme. Thus in LMO-mediated T cell tumorigenesis, an intriguing possibility is that LMO4 is displaced from a complex involving LDB1 by sequestration of the latter by LMO1 and LMO2 (after elevated levels of these proteins following chromosomal translocation-enforced expression) (Rabbitts, 1998) . This model is distinct from the formation of aberrant DNA-binding multimeric complexes, after enforced LMO expression, which might control target gene expression by direct DNA binding. However, LDB1 and LMO4 are common elements in T cells, further suggesting that the interaction of these molecules could be a target event in tumorigenesis. Now that LMO4-LDB1 interaction has been uncovered, these models can be tested in appropriate animal and cell systems.
